Limits on t h e temperature of the waste i n t h e waste storage tanks a t Hanford a r e one of several means used t o ensure t h a t t h e storage of these radioactive wastes i s conducted i n a s a f e manner. Operations (LCO) temperature l i m i t in Hanford waste tanks is 300 O F (Dougherty 1996 ). p o s s i b i l i t y of a steam r e l e a s e event i f temperatures in the tanks exceed t h e local s a t u r a t i o n temperature. The s a t u r a t i o n temperature l i m i t f o r t h e conditions assumed in t h i s study i s lower than 300 OF. The l i m i t s a r e t y p i c a l l y s t a t e d as applicable t o t h e maximum waste temperature in a tank. However, t h e r e a r e no thermocouples (TCs) in most tanks a t the point of maximum temperature, which i s t y p i c a l l y i n t h e c e n t e r of t h e tank. The r e s u l t s contained in t h i s report use measured temperature readings t o l i m i t t h e occurrence of s a t u r a t i o n temperatures i n Hanford waste storage tanks.
The Limiting Conditions f o r
For tanks with moist sludge o r l i q u i d l a y e r s , t h e r e i s t h e
CONCLUSIONS
The r e s u l t s in t h i s report show t h a t t h e temperature reported by a thermocouple t r e e in a double-shell tank (DST) can be s i g n i f i c a n t l y below t h e maximum waste temperature and t h a t provisions should be made f o r t h a t o f f s e t in any tank temperature monltoring program. maximum calculated temperature a t o r below t h e local s a t u r a t i o n temperature. The SSTs 241-C-105 and 241-SX-103 have temperatures reported by t h e s i n g l e TC t r e e i n these tanks which a r e s i g n i f i c a n t l y below t h e calculated temperatures f o r a l l v e n t i l a t i o n r a t e s assumed. The SSTs 241-SX-107, 241-SX-109 through 241-SX-112, and 241-SX-114 have temperatures reforted by t h e TC t r e e 19 f t from t h e c e h t e r of t h e tank which a r e about 20 F o r more below t h e calculated temperatures f o r a l l v e n t i l a t i o n r a t e s assumed. Tank 241-SX-108 has temperatures reported by t h e TC t r e e s which a r e above o r close t o t h e calculated temperatures. However, t h i s tank has been r e c e n t l y sampled and t h e sludge i s very dry, therefore temperatures above s a t u r a t i o n a r e not an issue.
The r e s u l t s f o r single-shell tanks (SST) were obtained by maintaining t h e The TC t r e e 29 f t from t h e c e n t e r o f t h e tank f o r SSTs 241-SX-107, 241-SX-110, 241-SX-Ill, and 241-SX-114 have temperatures reported by t h e TC t r e e which a r e above o r close t o the calculated temperatures. i f these tanks a r e completely dry. A sludge sample from t h e s e tanks would provide t h e information t o determine the need f o r f u r t h e r evaluation of these tanks.
I t i s not known

DESCRIPTION OF COMPUTER MODELS
ATTRIBUTES COMMON TO BOTH SINGLE AND DOUBLE-SHELL TANK MODELS
The thermal models were developed using the PATRAN' modeling program (PATRAN 1990) and solved with associated programs P/THERMAL' (P/THERMAL 1991) and P/VIEWFACTOR' (P/VIEWFACTOR 1991). PATRAN was used f o r pre-and post-processing. I t i s best described as a geometry model builder w i t h the c a p a b i l i t y t o define t h e geometry and associated boundary conditions in a d i s c r e t i z e d fashion t h a t can be used by an a n a l y s i s code. P/THERMAL was used as t h e a n a l y s i s code. I t i s a f i n i t e element thermal s o l v e r t h a t transforms t h e f i n i t e element based problem description from PATRAN i n t o an equivalent network d e s c r i p t i o n . boundary conditions such as thermal r a d i a t i o n and convection/advection terms t o t h e model d e s c r i p t i o n . P/VIEWFACTOR i s an adjunct program t o P/THERMAL t h a t defines r a d i a t i o n viewfactors based s o l e l y on geometric considerations. The viewfactors a r e defined based on t h e d i s c r e t i z e d geometry developed by PATRAN.
c o n d u c t i v i t i e s of t h e materials t h a t a r e used in t h e models a r e as shown i n Table 3.1.1 below. The same properties were used f o r both t h e SST and DST model s.
I t has t h e c a p a b i l i t y t o add o t h e r heat t r a n s f e r A l l analyses were conducted on a steady s t a t e b a s i s . The thermal 'P/THERMAL i s a r e g i s t e r e d trademark of t h e MacNeal-Schwendler 3P/VIEWFACTOR i s a r e g i s t e r e d trademark of t h e MacNeal-Schwendler Corporation.
Corporati on.
Kaiser Engineer Hanford drawing ES-236A-21, Revision 0. f i n i t e element thermal model i s shown i n Figure 3 .2.1. A c y l i n d r i c a l column of s o i l extending 70 f t r a d i a l l y outward from the tank c e n t e r l i n e and 200 f t down from t h e s o i l surface t o t h e water t a b l e was included.
A diagram of t h e
The concrete pad on which the primary tank s i t s , t h e concrete surrounding t h e secondary l i n e r , and t h e s t e e l walls of t h e primary and secondary tanks a r e a l l included in t h e model. The a i r flow in t h e annulus region between t h e primary and secondary tanks and t h e a i r flow in t h e space between t h e waste surface and t h e tank dome i s included in t h e model. The flow i n t h e annulus i s s e t a t a value of 2000 scfm and t h e flow in t h e tank dome i s s e t a t a.value of 500 scfm. system, s i n c e this causes higher temperature gradients i n t h e sludge. i n l e t temperature f o r these flows i s s e t at-31°F, which represents winter conditions a t Hanford. This temperature condition i s conservative compared t o a higher i n l e t temperature, s i n c e i t causes higher temperature g r a d i e n t s in the sludge.
Heat t r a n s f e r by r a d i a t i o n and convection across the a i r space between the primary and secondary tanks and from the waste surface t o t h e primary tank dome and walls was included i n t h e model. The r a d i a t i o n and convection models in t h e tank dome change a s t h e level of waste in t h e tank changes. s i m i l a r models were developed t o model a DST w i t h 36, 30, 24, 18, 12, 6 , and 2 f t of waste in t h e tank. e f f e c t i v e overall heat t r a n s f e r c o e f f i c i e n t ; individual channels were not modeled. concrete pad caused by t h e placement of t h e cooling channels were not Both flows were s e t a t t h e upper bound o f the v e n t i l a t i o n The
Seven
The heat t r a n s f e r t o t h e channels under t h e tank was simulated with an
Consequently, t h e circumferential v a r i a t i o n s i n temperature in t h e
The assumption was made t h a t any supernate i n t h e tanks was isothermal, and t h a t t h e only e f f e c t of t h e supernate would be t o increase t h e hydrostatic pressure in t h e sludge and thus t h e s a t u r a t i o n temperature. has t h e d e n s i t y o f water then t h e change in s a t u r a t i o n temperature t o be added i s 1.14 O F per foot o f supernate.
I f the supernate 
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SINGLE-SHELL TANK MODEL GEOMETRY AND BOUNDARY CONDITIONS
The thermal p r o p e r t i e s t h a t were used f o r t h e analyses a r e as shown i n Table 3.1.1. An emissivity of 0.9 (Kreith 1959) i s used f o r a l l of t h e surfaces in t h e tank. Active v e n t i l a t i o n , t h e flow of a i r through the tank, i s modeled w i t h an advective heat t r a n s f e r element from the tank a i r volume t o t h e o u t s i d e a i r . 31 O F . This i s t h e temperature used i n t h e DST modeling f o r v e n t i l a t i o n a i r based on winter conditions a t Hanford.
The boundary conditions on t h e s o i l surfaces a r e shown in Figure 3 .3.1.
The temperature of the v e n t i l a t i o n a i r was assumed t o be An average annual a i r temperature of 53 O F (Stone e t a l . 1983) i s used f o r t h e outside ambient a i r . surface i s modeled using a forced convective heat t r a n s f e r c o e f f i c i e n t of 2 Btu/(h f t ' O F ) (Bander 1992 ) a t t h e ground surface, which i s based on an average wind speed of 7.7 m i / h across t h e surface (Stone e t a l . 1983). An isothermal boundary of 55 O F (Bander 1992 ) i s employed a t the water t a b l e 200 f t below t h e ground surface. The axisymmetric model assumes an a d i a b a t i c boundary condition a t t h e o u t e r cylinder of t h e s o i l a t a radius of 60 f t . The 75 f t diameter tanks were b u i l t with a distance of 102 f t between c e n t e r s of tanks. The 6 0 f t radius provides more s o i l f o r heat absorption than a typical tank would have, thus a higher t o t a l heat source would be required t o a t t a i n t h e temperatures inside t h e tank. This gives some conservatism t o the thermal models used in estimating t h e t o t a l heat source. Table 6 of SARR-010, which have heat loads estimated a t o r above 25,000 B t u / h . The major difference between models of tanks within t h e same farm i s t h e level of waste i n s i d e t h e tank. The heat source i s assumed t o be uniformly d i s t r i b u t e d i n t h e waste. The thermal p r o p e r t i e s of t h e various materials in t h e models a r e shown in Table 3 .2.1. Since steady-state thermal s o l u t i o n s were obtained, only t h e thermal conductivity i s r e l e v a n t . The waste i s assumed t o have t h e thermal p r o p e r t i e s of water, since these analyses a r e based on l i m i t i n g t h e temperature in t h e waste below t h e s a t u r a t i o n temperature. This i s conservative because t h e minerals i n t h e waste will r a i s e t h e s a t u r a t i o n temperature above t h a t of pure water. thermal conductivity with temperature of t h e water i s included i n t h e modeling.
The energy l o s s t o t h e atmosphere through t h e s o i l A separate model was developed f o r each of t h e 10 tanks i d e n t i f i e d in
The v a r i a t i o n of 3.3.1 C Tanks dished bottom.
C tank. There a r e two C tanks on t h e a c t i v e l y v e n t i l a t e d l i s t having heat loads g r e a t e r than o r equal t o 25,000 B t u / h , 241-C-105 and 241-C-106, both of which a r e not leakers. Tank 241-C-106 i s scheduled t o be sluiced t h e end of 1996. will change.
Thus, i t no longer has a water l a y e r on top of the sludge. TC t r e e in t h e tank with four a c t i v e TCs, in r i s e r #I, about 31 f t from t h e c e n t e r of t h e tank.
Tanks i n the C Tank Farm have one-half million gallon c a p a c i t i e s w i t h a Figure 3.3.2 shows t h e thermal model i n t h e region of a
Therefore, no analyses were done f o r t h i s tank, s i n c e i t s configuration This tank will be analyzed when t h e s l u i c i n g i s completed.
Tank 241-C-105 has not had any water added t o i t s i n c e e a r l y in 1993.
The bottom two TCs a r e in the waste, one TC i s s l i g h t l y 5
There is only one above t h e surface o f the waste, and one TC i s i n the dome air-space, 16 ft above t h e tank bottom. 
SX
241-SX-112
and 241-SX-114. r e g u l a r l y recorded. Tree #2 i s about 29 ft from t h e center o f t h e tank and t r e e #8 i s about 19 ft from the center o f the tank. The tank bottom a t t h e l o c a t i o n o f t r e e s #2 and #8 are 0.7 ft and 0.3 ft higher, r e s p e c t i v e l y than the center o f t h e tank. Although t r e e s #2 and #8 are i n d i f f e r e n t r i s e r numbers f o r t h e d i f f e r e n t SX tanks, t h e r a There are e i g h t TC t r e e s i n tanks 241-SX-107 through However, o n l y t r e e s #2 and #8 are c u r r e n t l y being Tank 241-SX-103 has one TC i n the tank air-space. For tanks 
DOUBLE-SHELL TANKS
The r e s u l t s presented in Section 5 are a l l derived by adjusting the heating r a t e in t h e waste until the maximum waste temperature i s a t s a t u r a t i o n f o r t h e depth of waste being modeled. type of waste material and t h e waste depth. waste material properties a r e assumed t o be t h a t of pure water. t h e s a t u r a t i o n temperature will only vary as a function of t h e depth below t h e waste surface a t which the maximum temperature occurs. The flows and boundary condition temperatures a r e a l l chosen t o provide a r e a l i s t i c maximum temperature gradient in the waste. This temperature i s a function of the As a conservative estimate, t h e Therefore,
The d i f f e r e n t DST models were a l l analyzed based on t h e assumption t h a t any supernate was isothermal. Inherent i n t h i s approach i s t h e assumption t h a t a well defined sludge l a y e r e x i s t s and t h a t a majority of the decay heat production occurs in t h i s sludge layer. This approach i s conservative, s i n c e i f t h e waste i s n ' t quiescent then convective forces will a c t t o reduce any temperature differences.
There may be major differences between tank designs in some aspects of DST construction. However, when t h e a i r l i f t c i r c u l a t o r s a r e i n a c t i v e and t h e r e i s a s e t t l e d l a y e r of sludge in t h e bottom a l l DSTs look the same from a thermal standpoint. Since t h e level o f waste in DSTs can change as a r e s u l t
of ongoing processes, such as saltwell pumping or s l u i c i n g type r e t r i e v a l operations a parametric approach was taken t o defining the temperature o f f s e t f o r a DST. Analyses were done f o r seven d i f f e r e n t l e v e l s of sludge in a tank and t h e r e s u l t s were then tabulated f o r each of these sludge l e v e l s and a t representative radial thermocouple t r e e locations.
SINGLE-SHELL TANKS
The l i m i t i n g temperatures i n t h e waste f o r these analyses a r e based on holding the maximum temperature in the waste a t t h e s a t u r a t i o n temperature. This temperature i s a f.unction of the type of waste material and t h e waste depth. As a conservative estimate, the waste material properties a r e assumed t o be t h a t of pure water. Therefore, t h e s a t u r a t i o n temperature will only vary as a function of the depth below t h e waste surface a t which the maximum temperature occurs.
Three d i f f e r e n t v e n t i l a t i o n r a t e s were used i n the analyses: t o represent passive, nominal, and high r a t e s of flow through t h e tanks. The flow measurements taken from these tanks vary s i g n i f i c a n t l y over time ( f a c t o r s of 2 o r 3 ) . represents passive v e n t i l a t i o n ) , 500 scfm, and 1000 scfm flowrates. Tank 241-SX-103 was analyzed with flowrates of 5 scfm, 100 scfm, and 200 scfm. The flowrates were reduced f o r tank 241-SX-103, because i t i s one of s i x tanks which flow i n t o tank 241-SX-109.
All t h e tanks except tank 241-SX-103 were analyzed with 5 scfm ( t h i s
RESULTS OF ANALYSES
DOUBLE-SHELL TANKS
The d i f f e r e n c e between t h e maximum temperature f o r a model w i t h a sludge depth as shown i n Table 5.1.1 and the temperature a t a s p e c i f i c r a d i a l and v e r t i c a l l o c a t i o n i s defined as the temperature o f f s e t . The r e s u l t s presented i n Tables 5.1.2 t o 5.1.8 represent the temperature o f f s e t due t o t h e thermocouple r a d i a l l o c a t i o n and e l e v a t i o n above t h e tank bottom f o r d i s c r e t e sludge depths o f 2, 6, 12, 18, 24, 30, and 36 f e e t . As an example Figure 5 .1.1 shows t h e o f f s e t p r o f i l e s f o r t h e case w i t h 24 f e e t o f sludge i n t h e tank. Table 5 .1.1 shows the s a t u r a t i o n temperature i n t h e tank f o r t h e various sludge depths considered, provided t h a t the tank contains o n l y sludge. Most waste tanks have a supernate l a y e r above the sludge l a y e r . The supernate l a y e r i s considered t o be isothermal, and so the main e f f e c t o f i t i s t o r a i s e the h y d r o s t a t i c head and hence the s a t u r a t i o n temperature i n the sludge. A conservative approximation t o the increase o f s a t u r a t i o n temperature w i t h respect t o depth o f supernate i s 1.15 'F/ft.
The f o l l o w i n g example c l a r i f i e s t h i s p o i n t :
If a tank contains 12 f e e t o f sludge and 15 f e e t o f supernate t h e s a t u r a t i o n temperature a t the h o t t e s t p o i n t i n t h e tank i s :
220 t 1.15 X 15 = 237.25 O F (from Table 5 .1.1 and t h e temperature increase r a t e given above)
Now determine the temperature s e t p o i n t f o r a TC l o c a t e d 8 ft above t h e tank center bottom and a t 20 ft from the center o f t h e tank. From Table 5 .
( t h e t a b l e f o r 12 f e e t o f sludge) t h e o r f s e t f o r t h i s l o c a t i o n i s 21 O F . The temperature i n d i c a t i o n from t h i s TC would then be :
237.25 -21 = 216.25 O F when the h o t t e s t p o i n t i n the tank was a t saturation. s e t p o i n t " should then be set a t 216 O F -(appropriate margin).
The "alarm WHC-SD-WM-ER-620, Rev. 0 Thermocouple Tree Distance from Center ( f t )
Feet above tank bottom 34 f t -9 i n . a t tank c e n t e r 14 27 42 107 
Radial Distance From Tank Centerline (feet)
SINGLE-SHELL TANKS
The results for single-shell tanks (SST) were obtained by maintaining the maximum calculated temperature at or below the local saturation temperature. Tank 241-C-105 contains about 4.5 ft of sludge in the center of the tank. The maximum temperature occurs about 1/2 ft from the bottom of the tank. The saturation temperature at this location is about 218 OF. Figure 5 .2.1 shows the calculated temperatures for the three cases described in Section 4.2. The case with the lowest calculated temperatures at the TC tree location is for passive ventilation. This figure shows that for all ventilation rates the measured temperatures are more than 85 OF below the temperature that would be measured if the maximum temperature in the tank was at the saturation temperature. This indicates that the sludge in this tank is nowhere near the saturation temperature. The saturation temperature at this location is about 232 OF. shows the calculated temperatures for the three cases described in Section 4.2. Due to The lower ventilation rates (passive, 100 scfm, and 200 scfm) and the large depth of the sludge in this tank all three cases have very similar calculated temperatures at the TC tree location. This figure shows that the measured temperatures are more than 45 O F below the temperature that would be measured if the maximum temperature in the tank was at the saturation temperature. nowhere near the saturation temperature.
tank. The maximum temperature occurs about 1/2 ft from the bottom of the tank. The saturation temperature at this location is about 216 OF. Figure 5 .2.3 shows the calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. The temperatures at the TC tree 29 ft from the center of the tank have average measured temperatures higher than those at the TC tree 19 ft from the center of the tank. This is opposite to what would occur if the heat concentration and thermal conductivities were uniform. The calculated temperatures are still lower for all cases when considering the maximum measured temperatures. This figure shows that the measured temperatures are close to the calculated temperatures for the TC tree 29 ft from the center o f the tank for passive ventilation. 19 ft from the center of the tank the calculated temperatures are at least 30 O F below the temperatures that would be measured if the maximum temperature in the tank was at the saturation temperature.
Tank 241-SX-108 contains almost 3 ft of sludge in the center of the tank.
The maximum temperature occurs at the bottom of the tank. temperature at this location is about 216 OF. calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. The average measured temperature at the bottom TC of the TC tree located 29 ft from the center of the tank is higher than that at the TC tree 19 ft from the center of the tank. This is opposite to what would occur if the heat concentration and thermal conductivities were uniform. The calculated temperatures are lower than the maximum measured temperatures for the passive and 500 scfm ventilation cases. tank shows that the sludge is very dry.
The maximum temperature occurs about 4 ft from the bottom of the tank.
This indicates that the sludge in this tank is
Tank 241-SX-107 contains almost 3.5 ft of sludge in the center of the For the TC tree The saturation Figure 5 .2.4 shows the A recent core sample from this Therefore "bumping" in this tank cannot occur. The measured temperatures are below the structural limit requirements.
Tank 241-SX-109 contains almost 8 ft of sludge in the center of the tank. The maximum temperature occurs about 1.5 ft from the bottom of the tank. The saturation temperature at this location is about 221 OF. Figure 5 .2.5 shows the calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. This figure shows that the measured temperatures are more than 40 OF below the temperatures that would be measured if the maximum temperature in the tank was at the saturation temperature.
of the tank.
The saturation temperature at this location is about 215 "F. Figure 5 .2.6 shows the calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. The temperatures at the TC tree 29 ft from the center of the tank have average measured temperatures higher than those at the TC tree 19 ft from the center of the tank. This is opposite to what would occur if the heat concentration and thermal conductivities were uniform. The calculated temperatures at the TC tree 29 ft from the center of the tank are lower than the maximum measured temperatures for the passive and 500 scfm ventilation cases. center of the tank are about 20 OF below the temperatures that would be measured if the maximum temperature in the tank was at the saturation temperature.
of the tank. The maximum temperature occurs at about 1/2 ft from the bottom of the tank. The saturation temperature at this location is about 217 O F . Figure 5 .2.7 shows the calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. The temperatures at the TC tree 29 ft from the center of the tank have average measured temperatures higher than those at the TC tree 19 ft from the center of the tank. to what would occur if the heat concentration and thermal conductivities were uniform. The calculated temperatures at the TC tree 29 ft from the center of the tank are lower than the maximum measured temperatures for the passive and 500 scfm ventilation cases.
from the center of the tank are about 40 "F below the temperatures that would be measured if the maximum temperature in the tank was at the saturation temperature.
The maximum temperature occurs at the bottom of the tank. temperature at this location is about 216 OF. calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations. 20 to 40 OF below the temperatures that would be measured if the maximum temperature in the tank was at the saturation temperature.
tank. tank. 5.2.9 shows the calculated temperatures for the three cases described in Section 4.2 at the two TC tree locations.
Tank 241-SX-110 contains little a more than 2 ft o f sludge in the center
The maximum temperature occurs at the bottom of the tank.
The measured temperatures at the TC tree 19 ft from the Tanks 241-C-105 and 241-SX-103 have temperatures reported by the single TC tree in these tanks which are significantly below the calculated temperatures for all ventilation rates assumed. The SSTs 241-SX-107, 241-SX-109 through 241-SX-112, and 241-SX-114 have temperatures reported by the TC tree 19 ft from the center of the tank which are about 20 "F or more below the calculated temperatures for all ventilation rates assumed. Tank 241-SX-108 has temperatures reported by the TC trees which are above or close to the calculated temperatures. However, this tank has been recently sampled and the sludge is very dry, therefore temperatures above saturation are not an issue.
The TC tree 29 ft from the center of the tank for SSTs 241-SX-107, 241-SX-110, 241-SX-111, and 241-SX-114 have temperatures reported by the TC tree which are above or close to the calculated temperatures. temperature margin should also be applied to the calculated temperatures to account for assumptions made in the modeling. are completely dry. A sludge sample from these tanks would provide the information to determine the need for further evaluation of these tanks.
Some
It is not known if these tanks Rev. 0 
